Induction motors are widely used every production process today. Their torque-speed characteristics are the most important properties. This paper describes a simple and efficient analytical technique to determine speed-torque performance curve of induction motor from manufacturer data. The obtained speed-torque curve is verified against that derived from the conventional equivalent model where the motor's parameters are already known. A good agreement between the obtained speed-torque curves is clearly observed. The motor's performance torque curves derived with an aid of the analytical formula from the manufacturer catalog are also presented.
Introduction
Squirrel-cage three-phase induction motors are widely used for most industrial and commercial applications since their constructions are very simple [1] . It is a common practice to plot speed versus torque to investigate the motor's characteristics. This plot is related to the locus of all corresponding points of speed and torque, known as the speedtorque curve [2] . Understanding some details of induction motor performances via the speed-torque curve is very much important to apply them with the right application, in which the motor torque and driven equipment torque are relatively matched [3] . The curve is also useful for different kinds of electrical machine analysis.
The speed-torque curves of induction motors are usually determined from a set of their parameters. These parameters are derived from the no-load and lock-rotor measurements. Often the tested parameters are not available from the manufacturer. Only a standard set of performance parameters is available. These parameters are known as rated voltage, current, speed, and torque (breakdown and locked-rotor torque). There are some approaches to determine motor parameters from the manufacturer technical data in such a way that the motor's speed-torque characteristics can be obtained [4, 5] . However, the existing methods are quite complicate due to solving a set of nonlinear equations. Hence, this paper presents fast and efficient analytical solution to determine the speed-torque curve of induction motors. The obtained speed-torque curve is verified against the true curve computed from the set of known parameters.
Analytical Solution to Speed-Torque Curve Determination of Induction motors
The section provides an analytical solution to estimate the speed-torque curve characteristics. The induction motor is normally represented by standard equivalent single-cage model as shown in Fig. 1 . In order to compute the induced torque of motors, it is rather convenient to simplify the circuit in which the stator voltage and impedance can be replaced by Thevenin voltage and impedance as shown in the equivalent circuit ( 
According to the Thevenin equivalent circuit, the magnitude of rotor current can be written by, 2 2 / r th th r th lr
The developed power of motor is given by [1] ,
where s is referred as slip. Since the torque is given by the ratio of developed power to rotor's speed rm in rad/sec or (1 ) sm s , the induced torque can be written by making use of Eq. (4) and (5) ( ) e T b s s a s a ( 7 ) In order to fit to standard set of performance parameters available from the manufacturer data using Eq. (7), at least two speed-torque points are needed. The first operating point is the lock-rotor torque at which the slip becomes unity. Hence,
It can be easily seen from Eq. (7) that the coefficient 0 b is given by
Next, the second operating point relates to the break-down or maximum torque that must be employed to find the remaining coefficients. At the maximum torque condition, the derivative of torque in Eq. (7) with respect to slip is given by, 
The coefficients 0 2 a a are finally found. They can be employed to compute the speed-torque curve of motor from the manufacturer technical data.
Results and Discussions
This section provides numerical example of how the full speed-torque curve can be produced from lock-rotor and break-down torques. Firstly, a parameter set of 460V three-phase induction motor with R s =0.641ohm, R r =0.332ohm, X ls = X lr =1.106ohm, X m = 26.3ohm is employed to generate the starting torque (106.56Nm) and breakdown torque (230.8Nm) using the equivalent circuit [1] . Then, the obtained analytical formulas are applied for computing the coefficients in Eq. (7). The obtained coefficients are as follows, 0 a =0.0406, 1 a =0.1442, 0 b =126.249. Finally, the plot of speed versus torque using Eq. (7) is shown in Fig. 2 . It can be clearly seen that the speed-torque curves obtained from the full equivalent circuit model and analytical formulas are perfectly matched, confirming a good accuracy. Moreover, the analytical formula is applied to determine the speed-torque curve of three different designed motors whose data are taken from Siemens product catalogs [6] . The motor specifications are listed as indicated in Table 1 . After applying the proposed solution, the performance curves of three induction motors are plotted as illustrated in Fig. 3 . It is apparent from Fig. 3 that the whole shapes of motor speed-torque curves are mostly influenced by the manufacture designed ratio of lock-rotor and break-down torque to the rated torque. It should be noted that breakdown slips given in Table 1 are not provided from the manufacture but rather estimated from the given rated speeds using the approximated technique in [1] . It is also seen that the break-down torque of motor M 3 is slightly shifted into the higher region of operating slip since the value of its rated speed is lowest among three motors under investigation. According to the presented results, the proposed analytical solution potentially gives sufficient information of the motor's speed-torque curve.
